Abstract Susceptibility to behavioural effects of dexamphetamine (0.5-2.0 mg/kg, SC) was analyzed in Nijmegen high responders to novelty (HR) and Nijmegen low responders to novelty (LR), using an automated ethological analysis. The main results were that, first, dexamphetamine was more toxic in HR than LR: 5.0 mg/kg dexamphetamine was lethal in 75% HR, respectively, 25% LR. Second, dexamphetamine had effects in HR at doses far lower than in LR: a dose of 0.5 or 1.0 mg/kg dexamphetamine was already sufficient to produce ceiling effects in HR, whereas a minimum dose of 2.0 mg/kg dexamphetamine was required to reach effects of a similar magnitude in LR. Third, the behavioural responses to 2.0 mg/kg dexamphetamine did not differ between HR and LR. These data show that HR are both more vulnerable and more susceptible to the toxic and behavioural effects of intermediate doses of dexamphetamine than LR. It is concluded that knowledge acquired previously about the neurochemical differences between Nijmegen HR (APO-SUS) and Nijmegen LR (APO-UN-SUS) rats can be used to analyze further the mechanisms of action underlying individual-specific differences in drug abuse in animals and man.
Introduction
The locomotor response of rats to novelty can be used to predict the susceptibility to behavioural responses of dexamphetamine (Piazza et al. 1989; Hooks et al. 1991; Exner and Clark 1993) . So-called high responders to novelty (HR) display a greater susceptibility to behavioural effects of dexamphetamine than do so-called low responders to novelty (LR). Piazza et al. (1991) showed that differences in susceptibility to behavioural effects of dexamphetamine are causally related to differences in the reactivity of the hypothalamus-pituitary-adrenal axis.
Attention in our laboratory has been focused for a long time on individual-specific features of Wistar rats. This research has shown that an unselected population of outbred strains of Wistar rats contains at least two distinct types of rats: each type has its own pattern of behaviour, neurochemistry, physiology, endocrinology and immunology (Cools et al. 1990 (Cools et al. , 1993 (Cools et al. a-c, 1994 Rots 1995; Rots et al. 1995 Rots et al. , 1996 . Since 1985, we have been able to breed these two types of individuals. We have shown that the bimodal variation in apomorphine susceptibility, our original selection criterion for breeding, is consistently coupled to a bimodal variation in a wide variety of structural and functional features of the brain and the body. Among others, evidence has been provided that rats marked by a high apomorphine susceptibility (APO-SUS) are high responders to novelty in terms of both their behavioural response (high locomotor activity) and their endocrinological responses (high plasma release of ACTH, corticosteroids, etc.) , and that rats marked by a low apomorphine susceptibility (APO-UN-SUS) are low responders to novelty in terms of their behavioural response (low locomotor activity) and their endocrinological responses (low release of ACTH, corticosteroids, etc.; Cools et al. 1990 Cools et al. , 1993c Rots 1995; Rots et al. 1995 Rots et al. , 1996 . APO-SUS and APO-UNSUS rats can be selected from outbred strains of Wistar rats by establishing their response to novelty: in that case, we label these as high responders to novelty (Nijmegen HR) and low responders to novelty (Nijmegen LR), respectively (Cools et al. 1990 (Cools et al. , 1993b .
Given the above-mentioned findings of Piazza and colleagues, it was of interest to know whether variation in susceptibility to behavioural responses of dexamphetamine is another feature of the trans-situational consistency in behavioural responses of our two types of Wistar rats. In that case, knowledge about the neurochemi- Differences in vulnerability and susceptibility to dexamphetamine in Nijmegen high and low responders to novelty: a dose-effect analysis of spatio-temporal programming of behaviour cal differences in APO-SUS (Nijmegen HR) and APO-UNSUS (Nijmegen LR) rats can be used to analyze further the mechanisms of action underlying individual-specific differences in drug abuse in animals and man. In a preceding study, in which the locomotor response to administration of dexamphetamine (0.5-2.0 mg/kg, IP) was analyzed Cools 1994, 1996a) , no major group-specific differences were found: only the locomotor response to 1.5 mg/kg was found to be significantly greater in HR than in LR, confirming previously reported data in this respect (Piazza et al. 1991) . Since dexamphetamine not only increases locomotor behaviour, but actually alters the whole spatio-temporal programming of behaviour (Lyon and Robbins 1975) , we have suggested that the absence of major differences between both groups of rats is an artifact of behavioural assessment methods (Gingras and Cools 1996a) . Together with the fact that the behavioural response to intra-accumbens dexamphetamine differs between HR and LR (Ellenbroek and Cools 1993) , this fact led us to re-investigate this question with a more sophisticated behavioural analysis. For that purpose, the approach of Eilam and Golani (1990; Golani et al. 1993 ) was chosen.
Materials and methods

Subjects
Male Wistar rats belonging to the outbred strain of Wistar rats in the Central Animal Laboratory of the University of Nijmegen (The Netherlands) were used. All rats weighing 200 ± 20 g at the start of the experiments were weaned at postnatal days 21-25 and temporarily housed in groups of ten animals per standard Macrolon cage (38.5 × 24.5 × 15.5 cm) for 1 week. After that, they were housed in groups of eight to ten animals per standard metal cage (grid floor: 55 × 43 × 15 cm) in a temperature-controlled room (20 ± 2°C) illuminated from 6.00 a.m. to 6.00 p.m. Food (standard rat chow) and water were given ad libitum, except during the testing periods. All experiments were performed in accordance with international and institutional guidelines for animal care.
Open field
The open field used was a 160 × 160 cm horizontal flat black Perspex surface, 95 cm high, placed in the center of an air-conditioned (about 20°C) room (270 × 270 × 270 cm) of which the walls and ceiling were painted white to create a homogeneous, neutral environment (Cools et al. 1990 ). To prevent the rat orienting itself with the help of spatial cues outside those provided by the open field, all four walls were completely identical. Four sets of two dimmed neon tubes (TLD 36W84: total lux, surface of the open field: 1200) which were mounted in the ceiling, were positioned in a square of which the center was placed precisely above the center of the open field. A CCD camera (Sony DXC-1078) was mounted in a frame that was connected to the ceiling in such a manner that it hung perpendicular to the center of the open field. The camera was connected to a tracking system consisting of an MSDOS 286 system (ITT-XT) equipped with a PIP 1024 videodigitizer (Matrox) and with a VHS video-recorder for visual analysis (cf. Cools et al. 1990 ). The image analyzer tracks the center of the rat with a sampling rate of 25 Hz, provides by way of output its x and y coordinates, and allows the calculation of distance, duration and velocity of the rat's progression on the open field as well as the periods of no locomotion (stops: see below).
Experimental design
Preparatory phase
Each rat was individually housed during 3 days prior to the start of the selection procedure in a novel cage (38.5 × 24.5 × 15.5 cm) together with 10-40 additional cages in an air-conditioned stockroom. Thirty minutes prior to the selection, the cage containing the rat was transported to the open field room and placed on the floor in order to allow the rat environmental acclimatization and recovery from the transport. Subsequently, the rat was placed in the center of the open field with its nose directed away from the experimenter, and was allowed 60 min to explore the novel environment. The rat then received an SC injection of dexamphetamine in the neck (dexamphetamine-sulphate: Gist-Brocades, The Netherlands) and was replaced on the open field for an additional period of 60 min. The behaviour to be analyzed was recorded with the above-mentioned, computerized tracking system. Each rat was experimentally naive and tested once. Tests were performed during the light phase of the day-night cycle (9.00 a.m. to 16.00 p.m.).
Selection
The behaviour displayed during the initial 30 min of the first hour was used for the selection of high responders to novelty (HR) and low responders to novelty (LR) according to previously described criteria (Cools et al. 1990 (Cools et al. , 1993b . In short, rats which habituated after a period of 840 s and covered more than 6000 cm/30 min were labeled HR (n = 31; 35% of all tested rats), whereas rats which habituated in less than 480 s and covered less than 4800 cm/30 min were labeled LR (n = 28; 32% of all tested rats). Rats that did not fulfil these criteria were excluded (n = 29; 33% of all tested rats). Habituation time was defined as the end of the portion of locomotor activity which began after the rat was placed on the open field, namely the first time when this locomotor activity stopped for a minimum period of 1.5 min. Both variableswhich have been found to correlate fully in the Nijmegen Wistar rats (Cools et al. 1990 ) -were used, since early postnatal handling, which has been found to alter the neurochemical make-up of the brain (Rots 1995) , enhanced the travelling distance without changing the habituation time, indicating that travelling distance per se is not always a reliable criterion (unpublished data; see also Rots 1995) .
Dexamphetamine experiments
The following doses of dexamphetamine were given: 0.5 mg/kg (HR, n = 7; LR, n = 7), 1.0 mg/kg (HR, n = 9; LR, n = 7), 2.0 mg/kg (HR, n = 7; LR, n = 7) and 5.0 mg/kg dexamphetamine (HR, n = 8; LR, n = 8). The drug was dissolved in distilled water ("injection fluid"; Emmer Compascuum, The Netherlands), and the solutions were prepared immediately before use. In addition, control rats received distilled water (HR, n = 7; LR, n = 6).
The computerized automated analysis was based on the definitions of (a) home base, (b) excursions, and (c) stops, as outlined previously (Eilam and Golani 1990; Golani et al. 1993) . A "home base" was defined as the place in which the rat stayed for the longest cumulative time and to which the number of visits was the highest. The unit of measurement was determined by a newly developed computer program in four steps. First, the open field was divided into 10 × 10 imaginary squares (16 × 16 cm). Second, all squares in which the center of the rat image -located in the middle of the lower torso -stayed uninterrupted for ≥4 s were selected, and the cumulative time spent in each of these squares (minimum time bin = 4 s) was calculated. Third, the square in which the center of the rat image spent more than 5% of the total observation time (60 min) was selected from the above squares and labeled as "home". Third, all squares adjacent to that square were incorporated on the condition that the duration of visits to these adjacent squares lasted 1 s or longer: these squares were labeled as "garden". The "home" together with the "garden" served as "home base" in the computer program. Some rats turned out to have more than one home base, a finding consistent with earlier reported data in this respect (Golani et al. 1993 ). An "excursion" was defined as the route starting immediately after leaving the home base and ending just before stopping again at the home base. Such an excursion could be either a "round trip", being an excursion that started and ended at the same base or a "home trip", being an excursion between two different home bases (Golani et al. 1993) . Once the computer program had defined the home base(s), it could track an excursion according to the abovementioned definitions. The units of measurement of an excursion were: length (cm), duration (s) and velocity (length/duration). A "stop" was defined as the interruption of an excursion, during which the rat ceased to progress forward and froze in place, or ceased to progress forward and performed lateral and/or vertical scanning movements with any or all parts of its trunk while staying in place. The computer program traced a stop in two steps. First, the distance travelled between a time-interval of ≥1 s had to be <15 cm. Second, the distance between two successive stops had to be >20 cm. When both conditions were fulfilled, the computer program labeled such an interruption as a "stop". Finally, the excursions were classified according to the number of stops, since dexamphetamine produces a shift in the overall distribution of excursions with a distinct number of stops (Eilam and Golani 1990; Golani et al. 1993) . The validity of the computer program was tested in two ways: (a) the open field behaviour of 12 naive rats (recording time/rat: 60 min) was videotaped and visually analyzed in terms of number of home bases: both the visual analysis and the computerized analysis had the same outcome: nine rats had one home base, and three rats had two home bases; (b) the open field behaviour of two naive rats (recording time/rat: 60 min) was videotaped and visually analyzed in terms of number of stops: the visual analysis revealed the presence of 200 stops, whereas the computerized program revealed the presence of 209 stops; accordingly, the mismatch was less than 5%.
Statistical evaluation
To evaluate differences between the two groups, the data were analyzed with a three-factor mixed design ANOVA followed by MANOVA, where appropriate (SPSS). Cell entries were the scores of rats per 10 min. Apart from the time bin of the test (10 min), the multifactorial analysis included the factors group (HR and LR) and dosage. The effects per group were analyzed with a two-factor mixed design ANOVA. In the case of significant overall effects, this procedure was repeated in order to detect differences between different doses within each group (MANOVA/SPSS). Again, cell entries were the scores of rats per 10 min. Apart from the time bin of the test (10 min), this post hoc analysis included the factor dosage. Finally, a two-factor ANOVA, including the factors group and time, was assessed to evaluate group differences per dose. Differences were considered to be significant when a P-value <0.05 was found.
Results
General observations
The dose of 5 mg/kg dexamphetamine was lethal for some HR and LR. There was a significant difference between both groups: 75% HR (six out of eight) died, whereas only 25% LR (two out of eight) died (chi 2 -value = 10; P< 0.01). Given this finding, no further analysis was applied to this set of data. All remaining experiments were analyzed in terms of number of different types of excursions, their distance and velocity. However, the number of excursions with three or more stops was too small to include these in a statistical analysis. Therefore, only the data on the number, distance and velocity of excursions with two or fewer stops were statistically evaluated.
The overall analysis of differences between HR and LR revealed that there were no major differences in this respect: apart from a significant difference in terms of the mean number of excursions with two stops [no change in HR, but increase in LR: F (15, 245) = 1.76, P<0.04; Fig. 3 ], no further significant differences were found. When analyzing group differences per treatment, it became evident that neither the effects of the control treatment nor those of 0.5 mg/kg and 2.0 mg/kg dexam-183 Fig. 1a , b Dose-dependent effects of dexamphetamine (0.0-2.0 mg/ kg, SC) upon the mean number of excursions with zero stops in Nijmegen HR (high responders to novelty: a) and Nijmegen LR (low responders to novelty: b): means ± SEM. The numbers on the right represent doses of dexamphetamine. HR reached a ceiling effect at the dose of 1.0 mg/kg, whereas LR displayed effects of a similar magnitude in response to a minimum dose of 2.0 mg/kg dexamphetamine. Note that the largest dose-dependent increase occurs at 1.0 mg/kg in HR, but only at 2.0 mg/kg in LR& / f i g . c :
phetamine differed between HR and LR (see Figs. 1-3 P<0.014] . Given this small window, it was decided to analyze the complete dose function in each distinct group. This analysis revealed that there was a significant shift towards the left in the dose-response curve for intermediate doses of dexamphetamine in HR. These data are described below. Apart from the fact that there were no dose-dependent changes in the velocity of the different excursions (data not shown), the analysis of the distance of the various excursions did not provide information that differed from the analysis of the number of distinct types of excursions. Therefore, the presentation of the results is limited to the outcome of the analysis of drug-induced changes in the number of excursions with zero, one and two stops.
Effects of dexamphetamine
Excursions with zero stops
The drug-induced increase in the mean number of excursions with zero stops was significant both in HR [F (15, 130) = 2.21, P<0.01; Fig. 1a ] and in LR [F (15, 115) = 2.13, P<0.01; Fig. 1b ], respectively. Thus, HR already reached a ceiling effect at the dose of 1.0 mg/kg, whereas LR displayed effects of a similar magnitude in response to a minimum dose of 2.0 mg/kg dexamphetamine.
Excursions with one stop
The drug-induced increase in the mean number of excursions with one stop was significant both in HR [F (15, 130) = 1.95, P<0.02; Fig. 2a ] and in LR [F (15, 115) = 2.16, P<0.01; Fig. 2b ], respectively.
In HR, post hoc analysis showed that (a) the effects of 2.0 mg/kg were not significantly greater than those of 1.0 and 0.5 mg/kg, but significantly greater than those of the control treatment [F (5, 60) = 4.35, P<0.01], (b) the effects of 1.0 mg/kg were not significantly greater than those of 0.5 mg/kg, but significantly greater than those of the control treatment [F (5, 70) = 3.05, P<0.01], and (c) the effects of 0.5 mg/kg were significantly greater than those of the control treatment [F (5, 60) = 2.84, P<0.02].
In LR, however, post hoc analysis showed that (a) the effects of 2.0 mg/kg were significantly greater than those of 1.0 mg/kg [F (5, 60) = 2.57, P<0.03], 0.5 mg/kg [F (5, 60) = 4.86, P<0.01] and the control treatment [F (5, 55) = 3.49, P<0.01], (b) the effects of 1.0 mg/kg were not significantly greater than those of 0.5 mg/kg and those of the control treatment, and (c) the effects of 0.5 mg/kg were not significantly different from the control treatment.
In other words, HR reached a ceiling effect at the dose of 0.5 mg/kg, whereas LR displayed effects of a similar magnitude in response to a minimum dose of 2.0 mg/kg dexamphetamine.
Excursions with two stops
The drug-induced increase in the mean number of excursions with two stops was significant only in LR [F (15, 115) = 1.88, P<0.05; Fig. 3b ], but not in HR (Fig. 3a) . In LR, post hoc analysis showed that (a) the effects of 2.0 mg/kg were significantly greater than those of 0.5 mg/kg [F (5, 60) = 3.22, P<0.01] and those of the control treatment [F (5, 55) = 3.03, P<0.03] , (b) the effects of 1.0 mg/kg were not significantly greater than those of 0.5 mg/kg and the control treatment, and (c) the effects of 0.5 mg/kg were not significantly greater than those of the control treatment.
Discussion
General comments
The experiments show that the Nijmegen HR are more susceptible to the behavioural effects of intermediate doses of dexamphetamine than the Nijmegen LR, using a computerized version of Golani's method (Eilam and Golani 1990; Golani et al. 1993) . When comparing the behavioural effects of dexamphetamine in different strains, lines or types of rats, it is essential to exclude the possibility that differences in drug response are due to differences in baseline activity. The effects of dexamphetamine have been suggested to vary according to the baseline activity (see Robbins and Sahakian 1981) . Since the two groups of individuals used in the present study are known to respond differentially to novelty in an open field (Cools et al. 1990 (Cools et al. , 1993a Rots et al. 1995) , we purposely selected an experimental setting in which group-specific baseline differences were expected to be absent, namely following habituation for a period of 60 min. As described in the Results, water-treated HR did not differ from water-treated LR in the dependent variables used to assess the dexamphetamine-induced effects.
Dexamphetamine-treated HR and LR
Dexamphetamine was more toxic in HR than LR: 5.0 mg/kg dexamphetamine was lethal in 75% HR, respectively, 25% LR. This provides the first direct evidence that HR are more vulnerable to the toxic effects of dexamphetamine than LR. Second, dexamphetamine resulted in pure quantitative differences between HR and LR. Apart from one variable (see below), dexamphetamine (0.5-2.0 mg/kg) increased all variables in the same direction and to the same extent in HR and LR. The exception was the number of excursions with two stops, which increased in LR, but not in HR; this phenomenon can be explained by the fact that dexamphetamine produces a shift from excursions with eight to ten stops to excursions with zero to four stops (Eilam and Golani 1990 ). Third, dexamphetamine was significantly effective in HR at doses which were far lower than those being effective in LR. This difference in susceptibility to dexamphetamine was manifest in nearly all parameters, which significantly changed under the influence of dex-amphetamine, namely number and distance of excursions with zero stop and number of excursions with one stop. These data show that HR are both more vulnerable and more susceptible to the effects of dexamphetamine than LR. As a final remark, it has to be emphasized that dexamphetamine differentially influenced the various variables: for instance, it did not influence the velocity of the various excursions, whereas it especially affected both the number and distance of excursions with zero and one stops. These findings underline that detailed ethological analyses are necessary for evaluating behavioural effects of dexamphetamine (Gingras and Cools 1996a) .
Implications
This study has various implications. First, the available data show that the group differences in vulnerability and susceptibility to the behavioural effects of dexamphetamine become especially evident when the rats are exposed to intermediate doses of dexamphetamine (0.5-1.0 mg/kg, SC): group-specific differences are absent when either no dexamphetamine at all (water-treated rats) or high doses of dexamphetamine (2.0 mg/kg) are administered in the present experimental context. Given the finding that dexamphetamine and environmental challenges such as novelty are interchangeable in their effects (Antelman et al. 1980) , these data indicate that group-specific differences between HR and LR become especially manifest when they are exposed to intermediate, environmental or pharmacological challenges, but not when exposed to very small or very large challenges. These findings imply that differential responses of HR and LR are determined not only by different experimental conditions, but also by differences in experience. This may explain discrepancies in whether different pretreatments result in the disappearance of group-specific differences between HR and LR (cf. Hooks et al. 1991; Piazza et al. 1991) .
The most important implication of the present study is the notion that the group-specific difference in susceptibility and vulnerability to the behavioural effects of dexamphetamine is another feature of the group-specific trans-situational consistency in neurochemical, endocrinological, immunological, pharmacological and behavioural responses of the Nijmegen HR and LR. This implies that the knowledge acquired previously about the differences in neurochemical structure and function of the brain and body of Nijmegen HR (APO-SUS) and Nijmegen LR (APO-UNSUS) can be used to analyze further the mechanisms of action underlying individual-specific differences in drug abuse in animals and man (see Cools and Peeters 1992; Cools et al. 1990 Cools et al. , 1993 Cools et al. a-c, 1994 Coenders et al. 1992; Gingras and Cools 1994 , 1995 , 1996 Roozendaal and Cools 1994; Ellenbroek et al. 1995; Mulders et al. 1995a, b; Rots 1995; Rots et al. 1995 Rots et al. , 1996 . Given available knowledge about the HR-LR differences in reactivity and structure of the brain and body on the one hand (see above) and given the HR-LR difference in vulnerability and susceptibility to behavioural effects of psychostimulants such as dexamphetamine and ethanol on the other hand (present study; Gingras and Cools , 1996 Ellenbroek and Cools 1993) , the Nijmegen HR and LR appear to be prototypes for elucidating the mechanisms giving rise to individual differences in vulnerability to drug abuse.
